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Abstract 

As  alternative  bipolar  plate  materials  for  polymer  electrolyte  membrane  fuel  cell  (PEMFC),  two  types  of  carbon  composite  were  developed 
and  characterized.  Electrical  and  physical  properties  of  the  currently  used  graphite  and  newly  developed  carbon  composites  were  evaluated 
in  terms  of  bulk  and  contact  resistance,  flexural  strength,  density,  gas  tightness,  water  absorption,  and  depth  deviation  of  the  flow  channel. 
The  test  results  showed  that  the  carbon  composites  were  very  promising  candidates  for  PEMFC  bipolar  plate  material.  In  single  cell  tests, 
the  carbon  composite  bipolar  plates  exhibited  good  initial  and  long-term  performance  compared  with  the  graphite  bipolar  plates. 

©  2003  Published  by  Elsevier  B.V. 

Keywords:  PEMFC;  Bipolar  plate;  Carbon  composite;  Contact  resistance 


1.  Introduction 

The  polymer  electrolyte  membrane  fuel  cell  (PEMFC)  is 
a  very  promising  power  source  for  residential  and  mobile  ap¬ 
plications  with  its  attractive  features  such  as  high  power  den¬ 
sity,  relatively  low  operating  temperature,  convenient  fuel 
supply,  long  lifetime,  etc.  [1,2].  In  spite  of  those  advantages, 
commercialization  of  PEMFC  is  delayed  mainly  due  to  the 
high  fabrication  cost.  Among  the  PEMFC  components,  bipo¬ 
lar  plates,  for  which  graphite  with  machined  flow  channels 
is  most  commonly  used,  account  for  as  much  as  60%  of  the 
stack  cost  [3].  Hence,  for  wide-spread  commercialization  of 
PEMFC,  cost  reduction  of  the  bipolar  plate  is  necessary. 

One  approach  to  the  cost  reduction  of  PEMFC  bipolar 
plate  is  to  develop  new  materials  with  low  manufacturing 
cost  such  as  carbon  composites  and  metal  alloys.  Cost  mod¬ 
els  estimate  that,  with  composites  or  metal  alloys,  the  cost 
of  bipolar  plates  would  be  only  15-29%  of  the  stack  cost 
[4] .  In  addition  to  low  manufacturing  cost,  PEMFC  bipolar 
plates  require  high  surface  and  bulk  electronic  conductiv¬ 
ity,  sufficient  mechanical  strength,  chemical  stability  in  the 
PEMFC  environment,  gas  tightness,  and  light  weight  [5].  As 
a  candidate  to  fulfill  those  requirements  for  PEMFC  bipo¬ 
lar  plate,  carbon  composite  has  been  developed  extensively 
[5-12].  However,  most  of  the  studies  investigated  material 
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properties  of  carbon  composites  or  reported  that,  assembled 
into  a  single  cell,  composite  bipolar  plates  exhibited  perfor¬ 
mance  comparable  to  that  of  metallic  bipolar  plates  [5-12]. 

In  this  study,  two  kinds  of  carbon  composite  were  de¬ 
veloped  and  evaluated  in  terms  of  the  required  properties 
as  described  above.  Single  cells  were  assembled  with  the 
composite  bipolar  plates  and  their  initial  and  long-term  per¬ 
formance  was  examined  in  comparison  with  a  single  cell 
employing  graphite  bipolar  plates. 

2.  Experimental 

2.7.  Material  tests 

Two  kinds  of  carbon  composite  plate  were  developed  us¬ 
ing  the  same  compound  powder;  composite  A  was  manu¬ 
factured  into  a  plate  by  hot-pressing  the  compound  powder 
and  then  gas  channels  were  machined  in  its  surface  to  make 
a  bipolar  plate;  composite  B  was  fabricated  directly  into  a 
bipolar  plate  by  molding  the  compound  powder  by  apply¬ 
ing  compression  pressure  at  an  adequate  temperature.  The 
thickness  of  the  composite  A  and  B  bipolar  plates  was  2  mm. 
The  compound  powder  was  composed  of  ^90%  graphite 
powder,  ^10%  unsaturated  polymer,  and  small  amount  of 
organic  solvents  and  additives. 

Before  the  single  cell  tests,  electrical  and  physical  proper¬ 
ties  of  the  carbon  composites  were  evaluated.  Bulk  electronic 
conductivity  was  measured  by  the  well-known  four-point 


E.A.  Cho  et  al.  /  Journal  of  Power  Sources  125  (2004)  178-182 


179 


◄  - Copper  plate 

◄  - Carbon  paper 

^ - Specimen 

^ - Carbon  paper 

◄  - Copper  plate 


Fig.  1.  A  schematic  diagram  of  the  experimental  apparatus  used  for 
contact  resistance  measurement. 


respectively.  The  performance  of  the  single  cell  was  evalu¬ 
ated  by  measuring  the  I-V  characteristics  using  an  electronic 
load  (Daegil  Electronics,  EL  500P).  Polarization  resistance 
of  the  single  cells  was  investigated  by  measuring  the  AC 
impedance  of  the  single  cells  with  the  oxygen  electrode  as 
the  working  electrode  and  the  hydrogen  electrode  as  the 
reference  and  counter  electrode.  The  counter  electrode  also 
served  as  a  reference  electrode,  since  the  overpotential  at 
the  counter  electrode  for  the  hydrogen  oxidation  or  evolu¬ 
tion  reaction  is  negligible  [13].  IM6  (ZAHNER)  was  used 
for  the  impedance  measurement  and  the  applied  frequency 
was  varied  from  1  mHz  to  10  kHz  with  an  excitation  voltage 
of  5  mV  (peak-to-peak). 


probe  technique.  A  constant  current  was  applied  through  the 
two  outermost  probes,  and  the  resulting  voltage  across  the 
two  innermost  probes  was  measured.  To  measure  contact  re¬ 
sistance,  an  experimental  apparatus  was  devised  as  depicted 
in  Fig.  E  A  specimen  with  thickness  of  2  mm  was  placed 
between  two  carbon  papers,  each  of  which  was  in  contact 
with  a  copper  plate  on  the  opposite  side.  While  a  constant 
current  was  passed  through  the  two  copper  plates,  the  poten¬ 
tial  difference  between  the  copper  plates  was  measured.  The 
measurement  was  repeated  at  various  compaction  pressures 
applied  through  the  apparatus,  in  order  to  examine  effects  of 
compaction  pressure  on  the  contact  resistance.  Contact  resis¬ 
tance  was  calculated  based  on  the  Ohm’s  law.  For  measuring 
gas  tightness,  5  bar  was  applied  to  one  side  of  a  specimen 
while  the  other  side  was  evacuated  and  gas  flow  was  mea¬ 
sured  at  the  vacuum  side.  To  investigate  the  surface  energy 
of  a  specimen,  the  water  contact  angle  was  measured  using 
PCHM  575-4  (Frist  Angstron  Co.).  Flexural  strength,  den¬ 
sity,  and  water  adsorption  were  measured  following  ASTM 
D  790,  1895,  and  570,  respectively. 

2.2.  Single  cell  tests 

The  catalyst  ink  for  the  electrodes  was  prepared  by  mix¬ 
ing  the  catalyst  powders  (40  wt.%  Pt/C,  E-TEK),  Nation  so¬ 
lution,  and  Ao-propyl  alcohol.  Then  the  prepared  catalyst 
ink  was  sprayed  on  to  the  wet-proofed  carbon  paper  with 
a  platinum  loading  of  0.4  and  0.7  mg/cm2  for  the  anode 
and  cathode,  respectively.  The  membrane-electrode  assem¬ 
bly  (MEA)  was  fabricated  by  placing  the  electrodes  at  both 
sides  of  pre-treated  Nation  115  membrane,  followed  by  hot 
pressing  at  140  °C  and  200  kg/cm2  for  90  s.  The  active  elec¬ 
trode  area  was  25  cm2. 

A  single  cell  was  constructed  from  the  prepared  MEA, 
Teflon  gasket,  and  the  prepared  graphite  and  composite 
bipolar  plates  on  both  sides  of  the  MEA.  The  thickness  of 
the  bipolar  plates  was  2  mm.  Hydrogen  and  oxygen  gases 
were  fed  to  the  anode  and  cathode,  respectively,  after  pass¬ 
ing  through  a  bubble  humidifier,  and  the  stoichiometry  of 
the  fuel  and  the  oxidant  was  1.5  and  2,  respectively.  The 
operating  temperature  and  pressure  were  80  °C  and  1  atm, 


3.  Results  and  discussion 

3.1.  Electrical  and  physical  properties 

Low  electrical  bulk  and  contact  resistance  are  essential 
features  for  PEMFC  bipolar  plates.  Using  the  four-point 
probe  technique,  bulk  resistivity  of  graphite,  composite  A, 
and  composite  B  was  measured  to  be  16.85,  131.1,  and 
15 1 .6  £2  cm,  respectively.  Bulk  resistivity  of  the  carbon  com¬ 
posites  was  8-9  times  higher  than  that  of  graphite.  However, 
it  was  just  slightly  higher  than  the  target  value  of  100  Q  cm 
[6].  In  operating  a  fuel  cell,  contact  resistance  would  have 
a  stronger  effect  on  cell  performance  than  bulk  resistivity 
since  the  contact  resistance  includes  bulk  resistance  of  the 
bipolar  plate  and  the  carbon  diffusion  layer  as  well  as  the 
interfacial  resistance  between  the  bipolar  plates  and  the 
carbon  diffusion  layers.  The  contact  resistance  of  graphite, 
composite  A,  and  composite  B  was  measured  at  various 
compaction  pressures  using  the  experimental  apparatus 
shown  in  Fig.  1  and  the  results  are  presented  in  Fig.  2.  With 
increasing  compaction  pressure,  the  contact  resistance  of 
the  materials  decreased  rapidly  at  low  compaction  pressures 
and  then  decreased  gradually  at  high  compaction  pressures. 
At  a  given  compaction  pressure,  contact  resistance  increased 


Fig.  2.  Contact  resistance  of  graphite,  composite  A,  and  composite  B 
measured  at  various  compaction  pressures. 
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Table  1 


Electrical  and  physical  properties  of  graphite  and  carbon  composite  plates  [6,8,14] 


Graphite 

Composite  A 

Composite  B 

Target 

Reference 

Bulk  resistivity  (Q,  cm) 

16.85 

131.1 

151.6 

<100 

ASTM  C611 

Flexural  strength  (kgf  cm-2) 

674 

394 

209 

>500 

ASTM  D790 

Density  (g/cm3) 

1.95 

1.69 

1.82 

<5 

ASTM  D1895 

Gas  tightness  (at  5  bar) 

No  leak 

No  leak 

No  leak 

No  leak  at  5  bar 

— 

Water  absorption  (%) 

0 

0.133 

0.287 

<0.3 

ASTM  D570 

Depth  deviation  of  flow  channels  (pun) 

0.2597 

0.265 

2.556 

<3.0 

Alpha  step 

in  the  order  of  graphite  <  composite  A  <  composite  B;  at 
a  compaction  pressure  of  180Ncm~2,  contact  resistance  of 
graphite,  composite  A,  and  composite  B  were  measured  to 
be  30.2,  31.7,  33.4  m^  cm2,  respectively.  The  result  shows 
that,  even  though  bulk  resistivity  of  the  carbon  composites 
was  higher  than  that  of  graphite,  contact  resistance  of  the 
carbon  composites  is  almost  same  as  that  of  graphite.  This 
could  be  attributed  to  the  fact  that  by  compressing  the  car¬ 
bon  composite,  carbon  powders  formed  a  compact  network. 
Thus,  ohmic  resistance  of  a  single  cell  is  expected  to  be  sim¬ 
ilar  for  the  graphite  and  the  carbon  composite  bipolar  plates. 

In  addition  to  low  electrical  resistance,  bipolar  plate 
materials  require  sufficient  mechanical  strength,  chemical 
stability  in  the  PEMFC  environment,  gas  tightness,  light 
weight,  and  low  water  absorption.  Table  1  summarizes  those 
properties  of  graphite,  composite  A,  and  composite  B.  All 
the  requirements  were  satisfied  except  flexural  strength; 
the  flexural  strength  of  composites  A  and  B  were  394  and 
209 kgf  cm-2  and  the  target  was  500 kgf  cm-2.  At  present, 
low  flexural  strength  seems  to  be  the  primary  disadvantage 
of  the  carbon  composites  developed  in  this  study.  However, 
in  making  and  operating  single  cells,  none  of  the  composite 
bipolar  plates  were  not  broken  under  the  normal  cell  assem¬ 
bling  and  operating  conditions.  The  relatively  high  flexural 
strength  of  composite  A  shows  good  prospects  for  the  car¬ 
bon  composites.  Composites  A  and  B  were  made  from  the 
same  compound  powder  and  processed  differently.  There¬ 
fore,  it  seems  that  there  is  a  margin  for  improvement  of 
flexural  strength  in  composite  B  by  optimizing  the  molding 
conditions. 


It  was  found  that  wettability  was  one  of  the  important  fea¬ 
tures  affecting  cell  performance  particularly  at  high  current 
densities  [15,16].  The  lower  the  surface  energy  of  bipolar 
plates  was,  the  more  readily  the  flooding  occurred  at  the 
cathode  side.  Surface  energy  of  graphite,  composite  A,  and 
composite  B  was  obtained  by  measuring  the  water  adsorp¬ 
tion  angle.  Fig.  3  demonstrates  that  the  surface  energy  of 
graphite  and  composite  B  is  almost  the  same  and  slightly 
higher  than  that  of  composite  A.  Thus,  it  can  be  predicted 
that  composite  A  bipolar  plates  would  be  more  likely  to 
flood  than  graphite  and  composite  B  bipolar  plates. 

3.2.  Cell  performance 

Fig.  4  presents  initial  performance  of  the  single  cells 
assembled  with  graphite,  composite  A,  and  composite  B 
bipolar  plates.  Open  circuit  voltage  (OCV)  of  the  single 
cells  was  almost  the  same  at  1 .0  V.  At  low  current  densities, 
the  single  cells  exhibited  almost  the  same  performance. 
At  intermediate  current  densities,  composite  bipolar  plates 
showed  slightly  lower  performance  than  graphite  bipolar 
plates;  at  a  cell  voltage  of  0.6  V,  current  density  of  the  single 
cells  using  graphite,  composite  A,  and  composite  B  bipolar 
plates  was  996,  948,  and  992mA  cm-2,  respectively.  With 
increasing  current  density  higher  than  1  A  cm-2,  the  voltage 
of  the  single  cell  using  composite  A  bipolar  plates  decreased 
more  rapidly  than  that  of  the  single  cells  using  graphite  and 
composite  B  bipolar  plates,  resulting  from  the  lower  surface 


Current  density  /  A  cm'2 


Fig.  4.  Initial  performance  of  the  single  cells  assembled  with  graphite, 
composite  A,  and  composite  B  bipolar  plates;  operating  temperature  = 
80  °C;  operating  pressure  =  1  atm  Zh0  =  1.5  and  Zo,  =  2. 
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Fig.  5.  Initial  Nyquist  plots  for  the  single  cells  assembled  with  graphite, 
composite  A,  and  composite  B  bipolar  plates;  cell  temperature  =  80  °C 
and  cell  voltage  =  0.85  V. 

energy  of  composite  A,  as  shown  in  Fig.  3.  Composite  A 
bipolar  plate  with  a  lower  surface  energy  could  retain  more 
water  produced  by  the  cathode  reaction  and  supplied  through 
a  humidifier,  resulting  in  the  mass  transfer  polarization. 

To  examine  ohmic  and  charge  transfer  resistance  of  the 
single  cells,  electrochemical  impedance  spectroscopy  was 
carried  out  at  0.85  V  and  Nyquist  plots  were  plotted  as  shown 
in  Fig.  5.  The  applied  cell  voltage  was  IR-corrected.  The 
Nyquist  plots  are  semi-circular;  the  left  point  of  intersec¬ 
tion  with  the  v-axis  corresponds  to  the  ohmic  resistance  and 
the  diameter  of  the  semi-circle  to  the  charge  transfer  re¬ 
sistance  [17].  In  the  AC  impedance  measurement,  the  oxy¬ 
gen  electrode  served  as  the  working  electrode  and  hydrogen 
electrode  as  the  counter  electrode.  The  counter  electrode 
also  served  as  the  reference  with  its  negligible  overpoten¬ 
tial  for  the  hydrogen  oxidation  or  evolution  reaction  [13]. 
Thus,  the  charge  transfer  resistance  obtained  through  the  AC 
impedance  study  primarily  could  be  attributed  to  the  oxygen 
reduction  reaction.  From  the  data  in  Fig.  5,  for  the  single 
cells  using  graphite,  composite  A,  and  composite  B  bipolar 
plates,  ohmic  resistance  was  calculated  to  be  8.95,  7.42,  and 
7.14m£2  cm2,  respectively,  and  charge  transfer  resistance  to 
be  40.1,  38.1,  and  38.2m£2cm2,  respectively.  Ohmic  and 
charge  transfer  resistance  of  the  single  cells  using  compos¬ 
ite  bipolar  plates  were  almost  same  and  slightly  lower  than 
those  using  graphite  bipolar  plates.  Thus,  if  the  properties  of 
MEAs  and  cell  assemblies  of  the  single  cell  using  graphite 
bipolar  plates  were  identical  to  those  of  the  single  cells  us¬ 
ing  composite  bipolar  plates,  the  cell  performance  would 
exhibit  slightly  better  than  presented  in  Fig.  4.  However,  the 
differences  in  the  properties  of  the  MEAs  and  cell  assem¬ 
blies  revealed  in  Fig.  5  are  within  the  range  of  error. 

Fig.  6  compares  initial  and  long-term  performance  of 
the  single  cells  assembled  with  graphite,  composite  A,  and 


Fig.  6.  Effects  of  500-h  operation  on  performance  of  the  single  cells 
assembled  with  (a)  graphite,  (b)  composite  A,  and  (c)  composite  B 
bipolar  plates;  operating  temperature  =  80  °C;  operating  pressure  =  1  atm; 
Zho  =1.5  and  Xq^  —  2. 

composite  B  bipolar  plates,  demonstrating  that  degradation 
of  the  single  cells  was  negligible  except  in  the  mass  trans¬ 
fer  region.  In  the  initial  operation,  graphite  and  composite 
B  bipolar  plates  did  not  exhibit  mass  transfer  polarization, 
which  was  observed  in  long-term  operation.  Mass  transfer 
polarization  in  long-term  operation  could  be  associated  with 
the  residual  water  produced  and  supplied  during  operation. 
Those  results  reflect  that  composite  A  bipolar  plates  with 
relatively  low  surface  energy  retained  water  even  in  the  very 
initial  operation  while  graphite  and  composite  B  bipolar 
plates  with  high  surface  energy  retained  water  as  operation 
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Fig.  7.  Long-term  performance  of  the  single  cells  assembled  with  graphite, 
composite  A,  and  composite  B  bipolar  plates  measured  at  a  cell  voltage 
of  0.6  V;  operating  temperature  =  80  °C;  operating  pressure  =  1  atm; 
A-Ho  =1.5  and  Xq0  —  2. 

proceeded  for  enough  water  to  be  produced.  Current  den¬ 
sity  at  a  cell  voltage  of  0.6  V  was  plotted  as  a  function  of 
operation  time  in  Fig.  7.  During  the  500-h  operation,  per¬ 
formance  of  all  the  bipolar  plates  was  maintained  without 
degradation.  All  the  results  presented  in  Figs.  4-7  demon¬ 
strate  that  the  carbon  composite  bipolar  plates  developed 
in  this  study  have  comparable  initial  and  long-term  per¬ 
formance  to  graphite  bipolar  plates  and  can  be  alternative 
bipolar  plate  materials  for  the  high-cost  machined  graphite. 

4.  Conclusions 

Two  kinds  of  carbon  composite  were  developed  and  tested 
as  candidates  for  PEMFC  bipolar  plates  and  compared  with 
machined  graphite.  Both  of  the  carbon  composites  satis¬ 
fied  the  development  targets  of  PEMFC  bipolar  plates  with 


regard  to  electrical  and  physical  properties.  In  initial  and 
long-term  operation,  performance  of  the  composite  bipolar 
plates  was  comparable  to  that  of  graphite  bipolar  plates.  In 
spite  of  similar  bulk  and  contact  resistance  of  the  carbon 
composites,  composite  B  bipolar  plates  showed  slightly  bet¬ 
ter  performance  than  composite  A  bipolar  plates,  particularly 
at  high  current  densities,  due  to  the  higher  surface  energy 
resulting  in  better  water  removal.  All  those  results  show  that 
carbon  composites  A  and  B  are  very  promising  candidates 
for  PEMFC  bipolar  plates. 
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